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acceleration,  radiation) 

lower  power,  smaller, 
less  expensive, 
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Commercial  Two-way  Radio 
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Phase  Noise  in  PLL  and  PSK  Systems 
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phase  excursions  can  be  catastrophic  to  the  performance  of  systems,  e.g.,  of 
those  which  rely  on  phase  locked  loops  (PLL)  or  phase  shift  keying.  Low 
noise,  acceleration  insensitive  oscillators  are  essential  in  such  applications. 
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or  error  -  xerror  -  l/2(cAterror);  if  Aterror  =  1  microsecond,  then 
=  150  meters  =  1/2  of  high  voltage  tower  spacings. 
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Impacts  of  Oscillator  Technology  Improvements 
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Improved  survivability  and  performance  in  high  shock  applications 
Longer  life,  and  smaller  size,  weight,  and  cost 
Longer  recalibration  interval  (lower  logistics  costs) 
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•  Advantages  of  spread  spectrum  systems  include  the  following  capabilities:  1.  rejection  of 
intentional  and  unintentional  jamming,  2.  low  probability  of  intercept  (LPI),  3.  selective 
addressing,  4.  multiple  access,  and  5.  high  accuracy  navigation  and  ranging. 


Clock  for  Very  Fast  Frequency  Hopping  Radio 
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Clocks  and  Frequency  Hopping  C3  Systems 
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Interoperability  < - >  Better  clock 
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PATRIOT  STINGER 
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The  better  the  clock  accuracy,  the  shorter  can  be  the  CVI,  the  more  resistant  the 
system  can  be  to  repeat  jamming,  and  the  longer  can  be  the  autonomy  period  for 
users  who  cannot  resynchronize  their  clocks  during  a  mission. 


Effect  of  Noise  in  Doppler  Radar  System 
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generates  higher  frequency  clutter  components,  and  thereby  degrades  the 
radar’s  ability  to  separate  the  target  signal  from  the  clutter  signal. 
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Doppler  Shift  for  Target  Moving  Toward  Fixed  Radar  (Hz) 
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At  steady  state,  the  closed-loop  gain  = 


Oscillation  and  Stability 
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A  quartz  crystal  unit’s  high  Q  and  high  stiffness  makes  it  the  primary 
frequency  (and  frequency  stability)  determining  element  in  oscillators. 
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controlled  oscillator  may  have  a  frequency  adjustment  range  of  5  x  10-7  and  an 
aging  rate  of  2  x  10"8  per  year,  a  wide  tuning  range  10  MHz  VCXO  may  have  a 
tuning  range  of  50  ppm  and  an  aging  rate  of  2  ppm  per  year. 
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Crystal  Oscillator  Categories 
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•  OCXO,  oven  controlled  crystal  oscillator,  in  which  the  crystal  and 
other  temperature  sensitive  components  are  in  a  stable  oven  which  is  adjusted 
to  the  temperature  where  the  crystal’s  f  vs.  T  has  zero  slope.  OCXO’s  can 
provide  a  >1000X  improvement  over  the  crystal’s  f  vs.  T  variation. 


Crystal  Oscillator  Categories 
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Oven  Controlled  (OCXO) 


Hierarchy  of  Oscillators 

Oscillator  Type*  I  Accuracy**  I  Typical  Applications 
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*Sizes  range  from  <  5  cm^  for  clock  oscillators  to  >  30  liters  for  Cs  standards.  Costs 
range  from  <  $5  for  clock  oscillators  to  >  $40,000  for  Cs  standards. 

^Including  the  effects  of  military  environments  and  one  year  of  aging. 


Oscillator  Circuit  Types  -  Comments 
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Why  Quartz? 


Abundant  in  nature;  easy  to  grow  in  large  quantities,  at  low  cost,  and 
with  relatively  high  purity  and  perfection.  Of  the  man-grown  single 
crystals,  quartz,  at  >2,000  tons  per  year,  is  second  only  to  silicon  in 
quantity  grown. 
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The  Piezoelectric  Effect 
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The  modes  shown  on  the  next  page  may  be  excited  by  suitably  placed  and  shaped 
electrodes.  The  shear  strain  about  the  Z-axis  produced  by  the  Y-component  of  the 
field  is  used  in  the  rotated  Y-cut  family  which  includes  the  AT,  BT,  and  ST-cuts. 


Modes  of  Motion 
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Thickness  Shear  Fundamental  Mode  Third  Overtone 

Mode  Thickness  Shear  Thickness  Shear 
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Ceramic  Flatpack  and 
Metal-Enclosed  Resonators 
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Resonator  Vibration  Amplitude  Distribution 
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In  an  ideal  resonator,  the  amplitude  of  vibration  falls  off  exponentially  outside  the  electrodes.  In  a  properly 
designed  resonator,  a  negligible  amount  of  energy  is  lost  to  the  mounting  and  bonding  structure,  i.e.,  the  edges 
must  be  inactive  in  order  for  the  resonator  to  be  able  to  possess  a  high  Q.  The  displacement  of  a  point  on  the 
resonator  surface  is  proportional  to  the  drive  current.  At  the  typical  drive  currents  used  in  (e.g.,  10  MHz) 
thickness  shear  resonators,  the  peak  displacement  is  on  the  order  of  a  few  atomic  spacings. 


Resonant  Vibrations  of  a  Quartz  Plate 


3-8 


X-ray  topographs  (2 1  *0  plane)  of  various  modes  excited  during  a  frequency 
scan  of  a  fundamental  mode,  circular,  AT-cut  resonator.  The  first  peak,  at 
3.2  MHz,  is  the  main  mode;  all  others  are  unwanted  modes.  Dark  areas 
correspond  to  high  amplitudes  of  displacement. 


Unwanted  Modes  vs.  Temperature 

(3  Mhz  rectangular  AT-cut  resonator,  22  x  27  x  0.552  mm) 


vfouanbajj  poziyBuuo^ 
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Temperature  (°C) 

Activity  dips  occur  where  the  f  vs.T  curves  of  unwanted  modes  intersect  the 
f  vs.  T  curve  of  the  wanted  mode.  Such  activity  dips  are  highly  sensitive  to 

drive  level  and  load  reactance. 
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Some  of  the  most  important  resonator  phenomena  (e.g.f  acceleration  sensitivity)  are  due  to  nonlinear 
effects.  Quartz  has  numerous  higher  order  constants,  e.g.,  14  third-order  and  23  fourth-order 
elastic  constants,  as  well  as  16  third-order  piezoelectric  coefficients  are  known;  nonlinear  equations 
are  extremely  messy. 

Magnetic  field  effects  are  generally  negligible;  quartz  is  diamagnetic. 


Tf,  the  linear  temperature  coefficient  of  frequency,  is  negative  for 
most  materials  (i.e.,  "springs"  become  "softer"  as  T  increases).  The 
coefficient  for  quartz  can  be  +,  -  or  zero  (see  next  page). 


Quartz  Is  Highly  Anisotropic 
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are  tnat  me  crystal  is  lar  sutler  and  has  a  tar  higher  Q  than  what  could  be  built  from  normal  discrete  components.  For 
example,  a  5  MHz  fundamental  mode  AT-cut  crystal  may  have  C]  =  0.01  pF,  =  0.1  H,  R{  =  5  Q,  and  Q  =  106.  A 
0.01  pF  capacitor  is  not  available,  since  the  leads  attached  to  such  a  capacitor  would  alone  probably  contribute  more  than 
0.01  pF.  Similarly,  a  0.1  H  inductor  would  be  physically  large,  it  would  need  to  include  a  large  number  of  turns,  and  would 
need  to  be  superconducting  in  order  to  have  a<5i)  resistance. 


Equivalent  Circuit  of  a  Resonator 
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Crystal  Oscillator  f  vs.  T  Compensation 
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Compensating  Voltage  Compensated 

on  Varactor  CT  Frequency 

of  TCXO 


Resonator  Frequency  vs.  Reactance 


3-18 
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Equivalent  Circuit  Parameter  Relationships 
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What  Is  Q  and  Why  Is  It  Important? 
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Phase  noise  close  to  the  carrier  has  an  especially  strong  dependence 
on  Q  (S*  -  1/Q4). 


Decay  Time,  Linewidth,  and  Q 
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Mounting  stresses  •  Gases  inside  the  enclosure 

Bonding  stresses  (pressure,  type  of  gas) 

Temperature  •  Interfering  modes 

Electrode  geometry  and  type  •  Ionizing  radiation 


Milestones  in  Quartz  Technology 
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956  First  TCXO  described 

972  Miniature  quartz  tuning  fork  developed;  quartz  watches  available 
974  The  SC-cut  (and  TS/TTC-cut)  predicted;  verified  in  1976 
982  First  MCXO  with  dual  c-mode  self-temperature  sensing 
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The  Units  of  Stability  in  Perspective 


4-1 


of  paper  out  of  the  total  distance  traveled 
by  all  the  cars  in  the  USA  in  a  day. 


Accuracy,  Precision  and  Stability 


Stable  but  Not  stable  and  Accurate  but  Stable  and 

not  accurate  not  accurate  not  stable  accurate 


Influences  on  Oscillator  Frequency 


Aging  and  Shor 


Aging  Mechanisms 


Oscillator  circuit  aging  (load  reactance  and  drive  level  changes) 
Electric  field  changes  (doubly  rotated  crystals  only) 
Oven-control  circuitry  aging 


Typical  Aging  Behaviors 


observed.  The  above  (computer  generated)  curves  illustrate  the  three  types  of 
aging  behaviors.  The  curve  showing  the  reversal  is  the  sum  of  the  other  two 
curves.  Reversal  indicates  the  presence  of  at  least  two  aging  mechanisms. 


Thermal  Expansion  Coefficient  of  Quartz 
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ORIENTATION,  t  WITH  RESPECT  TO  XX 


Force-Frequency  Coefficient 
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Strains  Due  To  Mounting  Clips 
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Photograph  of  a  1  cm  diameter  AT-cut  resonator  and  its  X-ray  topograph.  The 
topograph  shows  the  lattice  distortion  due  to  the  mounting  stresses. 


Strains  Due  To  Bonding  Cements 
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X-ray  topographs  showing  lattice  distortions  caused  by  bonding  cements; 
cement  -  expanded  upon  curing,  (hi  DuPont  5504  cement  -  shrank  upon 


Mounting  Force  Induced  Frequency  Changes 
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|  =  0  at  ¥  =  61°  for  an  AT-cut  resonator,  and  at  *F=  82°  for  an  SC-cut. 

Min 


Bonding  Strains  Induced  Frequency  Changes 
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V(t)  =  Oscillator  output  voltage,  V0  =  Nominal  peak  voltage  amplitude 
e(t)  =  Amplitude  noise,  v0  =  Nominal  (or  "carrier")  frequency 

O(t)  =  Instantaneous  phase,  and  (p(t)  =  Deviation  of  phase  from  nominal  (i.e.,  the  ideal) 


Causes  of  Short  Term  Instabilities 
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Shot  noise  in  atomic  frequency  standards 


Time  Domain  -  Frequency  Domain 
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Example  (a)  shows  a  sine  wave  and  its  second  harmonic.  A  signal  consisting  of  the  sum  of  the 
two  waves  is  shown  in  the  time  domain  (b),  and  in  the  frequency  domain  (c).  In  the  time  do¬ 
main.  all  frequency  components  are  summed  together.  In  the  frequency  domain,  signals  are 
separated  into  their  frequency  components  and  the  power  level  at  each  frequency  is  displayed. 


Short-Term  Stability  Measures 
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Why  Allan  Variance? 
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Is  easy  to  compute. 

Is  faster  and  more  accurate  in  estimating  noise  processes 
than  the  Fast  Fourier  Transform. 


Frequency  Noise  and  gv(t) 


4- '?1 


Time  Domain  Stability 


*For  Oy(x)  to  be  a  proper  measure  of  random  frequency  fluctuations, 
aging  must  be  properly  subtracted  from  the  data  at  long  x’s. 


Power  Law  Dependence  of  Oy(x) 
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standards  show  x~1/2  (white  frequency  noise)  dependence  down  to  about  the 
servo-loop  time  constant,  and  x"1  dependence  at  less  than  that  time  constant. 
Typical  x’s  at  the  start  of  flicker  floors  are:  1  second  for  a  crystal  oscillator, 
IQ3  s  for  a  Rb  standard  and  105  s  for  a  Cs  standard. 


Spectra!  Densities 


-O- 

+ 


<N 


C 

05 


GO 

+ 

o 

> 


> 


05 

a 

o 

a I 

4-*  C 

CJ  .d 

3  05 

CS  <D 

y  rd 

a  is 

D  4-4 

cr  00 

D  <D 

<*-  n 

'  Uh 

a 

e  t> 

O  cd 

o  j! 

cd  7* 

!— I  CJ 

^  o 

S  "3 

3  (D 

D  § 
05  3 

-c  £ 

fix  cd 

<4-4  .*' 

o  ^ 

c/5  <D 

X)  > 


Ui 

D 

D  > 

"S  O 

^  <D 

C/5  U 

•’-*  o 


W)  . 

>>  ^ 

4-4  4-4 

\E3  cd 

S  "O 

d  £ 

cr 

4-4 

cd  C 

<4-H  £ 

o  ^ 

/ - v  -G 

'SW,/  O 

0D  •  *-m 

CO  £ 

3ft  *5 

ti  3 

•s  g 

—  t  fti 

D  4-4 

73 

1— H 

cd 

J-4 
4—4 

o 

CD 
pH 

C/5 


73 

cr 


to/5 


CO 


£ 

CQ 


05 


d 

d 

cd 

a 


C/5 

c 

D 
"O  u 

Vh 


-4  (U 
4-4  _) 

cj  7= 
CD  H 

cx 

C/5 


cd 

u  < 

4-4  (4.4 

CJ  w 
dj  >•> 

cx  CO 

^  73 

CD  ft 

p  a 

H  £ 

■o- 

co 


c 

■  -4 

cd 


W) 

C4-4 

o 

cD 

d 


o 

73 


cd 

> 


<D 

J— 

_  cd 
^  d 

a  Er 

§  «> 
d  d 
cr1  3 

d  a 

cd  £ 


<N  ; 

W)( 

I^ft 

-O 

a 

D 

> 

*  *»H 

bt) 

c/5 

♦ 

£ 

CQ 

-d 

4-4 

73 

«  H 

£ 

73 


X> 

c 

•  1-4 

C4 

bO 

4-4 

O 

D 

-5 

Id 

> 

CO 


oc 

D 

-C 


4-24 


Pictures  of  Noise 


a  or 


Plots  show  fluctuations  of  a  quantity  z(t),  which  can  be,  e.g.,  the  output  of  a  counter  {  Af  vs.  t)  or 
of  a  phase  detector  (<|)[t]  vs.  t).  The  plots  show  simulated  time-domain  behaviors  correspond¬ 
ing  to  the  most  common  (power-law)  spectral  densities;  ha  is  an  amplitude  coefficient. 

Note:  since  S^f  =  f^S^,  e.g.  white  frequency  and  random  walk  of  phase  are  equivalent. 


Mixer  Functions 
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Phase  Detector 
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The  low-pass  filter  (LPF)  eliminates  the  second  cosine  term.  T1  m, 
for  (j>R(t)  «  0(t)  «  n/2,  V(j)(t)  =  K(j)(t), 

i.e.,  the  phase  detector  converts  phase  fluctuations  to  voltage  fluctuations. 
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Frequency  -  Phase  -  Time  Relationships 
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*  MIL-O-5531  OB’ s  definition  of  phase  noise  is  £(f)  =10  log  [S<j>(f)/2]5  where 
the  unit  of  £Xf)  is  dBc. 


s*(f)  to  SSB  Power  Ratio  Relationship 
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if  0(frn)  «  1 ,  then  J0  =  1,  Jj  =  l/20(fm) ,  Jn  =  0  for  n  >  1 ,  and 
SSB  Power  Ratio  =  £(fm)  =  j^£nl  =  S*fr(fm) 

"*  A  /-> 


Types  of  Phase  Noise 
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Low-Noise  SAW  and  BAW  Multiplied  to  10  GHz 

(in  a  nonvibrating  environment) 
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Offset  frequency  in  Hz 
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Offset  frequency  in  Hz 


Effects  of  Frequency  Multiplication 
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Note  that  y  =  — ,  Sy(f),  and  Gy(x)  are  uneffected  by  frequency  multiplication. 


Quartz  Wristwatch  Accuracy  vs.  Temperature 
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Frequency  vs.  Temperature  Characteristic 
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The  inflection  temperatures  are  =  26°C  for  AT-cuts,  and  =  96°  to  105°C  for  SC-cuts. 


Resonator  f  vs.  T  Determining  Factors 
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Freq 
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Desired  f  vs.  T  for  SC-cut  Resonator 
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80  100  120  HO  160 

Temperature  (°C) 


OCXO  Oven’s  Effect  on  Stability 


Oven  Parameters  vs.  Stability  for  SC-cut  Oscillator 

Assuming  Tj  -  Tltp  =  10°C 


Ti  -  Tltp  = 

10°C 

Oven  Cycling  Range 
(mlliidegrees) 

10 

1 

0.1 

0.01 

Oven  Offset 
(mlliidegrees) 

100 

4  x  10'12 

4  x  10’13 

4  x  10'14 

4  x  10'15 

o 

T- 

6  x  10'13 

_ 

4  x  10'14 

4  x  10"ia 

4  x  10_1° 

a 

| 

6  x  10‘15 

4  x  10"16 

4  x  10’17 

0.1 

2  x  10'1S 

- 

6  x  10'17 

4  x  10“18 

HI 

ns 

2  x  10"15 

2  x  10"17 

2  x  10‘19 

A  comparable  table  for  AT  and  other  non-thermal-transient  compen¬ 
sated  cuts  of  oscillators  would  not  be  meaningful  because  the  dynamic 
f  vs.  T  effects  would  generally  dominate  the  static  f  vs.  T  effects. 
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Effect  of  Load  Capacitance  on  f  vs. 
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the  frequency  at  all  T’s  (curve  with  fL  has  been  vertically  displaced  for 
clarity),  2.  Cl  rotates  the  f  vs.  T  to  lower  apparent  angle  of  cut,  i.e.,  it 
reduces  peak-to-peak  f  and  tuming-point-to-tuming-point  T,  and 
3.  temperature  coefficient  of  Cj  can  greatly  amplify  f  vs.  T  rotation. 


Effects  of  Harmonics  on  f  vs. 
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Warmup  of  AT-  and  SC-cut  Resonators 
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TCXO  Thermal  Hysteresis 
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TCXO  =  Temperature  Compensated  Crystal  Oscillator 


OCXO  Retrace 
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In  (a),  the  oscillator  was  kept  on  continuously  while  the  oven  was  cycled 
off  and  on.  In  (b),  the  oven  was  kept  on  continuously  while  the  oscillator 
was  cycled  off  and  on. 


TCXO  Trim  Effect 
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In  TCXO’s,  temperature  sensitive  reactances  are  used  to  compensate  for  f  vs.  T  variations.  A 
variable  reactance  is  also  used  to  compensate  for  TCXO  aging.  The  effect  of  the  adjustment  for 
aging  on  f  vs.  T  stability  is  the  "trim  effect."  Curves  show  f  vs.  T  stability  of  a  "0.5  ppm  TCXO,"  at 
zero  trim  and  at  ±6  ppm  trim.  (Curves  have  been  vertically  displaced  for  clarity.) 
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Activity  Dips 


Activity  dips  in  the  f  vs.  T  when  operated  with  an  without  load  capacitors.  (Curves  have 
been  vertically  displaced  for  clarity.)  Dip  temperatures  are  a  function  of  CL  ,  which 
indicates  that  the  dip  is  caused  by  a  rp^  ^  ^probably  flexure)  with  a  large  negative 
temperature  coefficient.  See  also  '  I  n  .  anted  Modes  vs.  Temperature"  in  Chapter  3. 


Oscillator  Circuit  Caused  Instabilities 
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Frequency  vs.  Drive  Level 
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Crystal  Current  (p  amps) 


Amplitude  -  Frequency  Effect 
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At  high  drive  levels,  resonance  curves  become  asymmetric  due  to 
the  nonlinearities  of  quartz. 


Drive  Level  vs.  Resistance 


4-54 


(mA) 


Second  Level  of  Drive  Effect 
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Acceleration  vs.  Frequency  Change 
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Frequency  shift  is  a  function  of  the  magnitude  and  direction  of  the 
acceleration,  and  is  linear  with  magnitude  up  to  at  least  50  g’s. 


2-g  Tipover  Test 

(Af  vs.  attitude  about  three  axes) 
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Axis  3 
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Acceleration  Levels  and  Effects 
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Levels  at  the  oscillator  depend  on  how  and  where  the  oscillator  is  mounted. 
Platform  resonances  can  greatly  amplify  the  acceleration  levels. 

Building  vibrations  can  have  significant  effects  on  noise  measurements. 


Acceleration  Sensitivity  Vector 


Acceleration-sensitivity  is  a  vector,  i.e.,  the  acceleration-induced  frequency  si 
maximum  when  the  acceleration  is  along  the  acceleration-sensitivity  vector;  L 
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0.001  0.01  x(sec) 


Vibration-Induced  Phase  Excursion 
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Vibration-Induced  Sidebands 
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Vibration-Induced  Sidebands 
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Random  Vibration-Induced  Phase  Noise 
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Random- Vibration-Induced  Phase  Noise 

_ Phase  noise  under  vibration  is  for  r  =  1  x  10-9  per  g  and  f  =  10  MHz 
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Offset  Frequency 


Acceleration  Sensitivity  vs.  Vibration  Frequency 
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The  acceleration  sensitivity  can  be  calculated  from  the  vibration  induced 
sidebands.  The  preferred  method  is  to  measure  the  sensitivity  at  a  number  of 
vibration  frequencies  in  order  to  reveal  resonances.  The  example  above  shows  the 
results  for  an  OCXO.  The  resonance  at  424  Hz  amplified  the  sensitivity  17-fold. 


Acceleration  Sensitivity  of  Quartz  Resonators 

Resonator  acceleration  sensitivities  range  from  the  low  parts  in  1010  per  g 
for  the  best  commercially  available  SC-cuts,  to  parts  in  107  per  g  for  tuning- 
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strain  distribution  associated  with  the  mode  of  vibration.  Until  the  acceleration 
sensitivity  problem  is  solved,  acceleration  compensation  and  vibration  isolation 
can  provide  lower  than  lxlO'10  per  g,  for  a  limited  range  of  vibration 
frequencies,  and  at  a  cost. 


Phase  Noise  Degradation  Due  to  Vibration 
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Coherent  Radar  Probability  of  Detection 
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Vibration  Compensation 
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Crystal  Being  Vibrated 


Vibration  Sensitivity  Measurement  System 
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Radiation-Induced  Frequency  Shifts 
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Idealized  frequency  vs.  time  behavior  for  a  quartz  resonator  following  a 
pulse  of  ionizing  radiation. 


Effects  of  Repeated  Irradiations 
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Dose,  rad(Si02) 


Radiation  Induced  Af  vs.  Dose  and  Quartz-Type 
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Annealing  of  Radiation  Induced  f  Changes 
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Activation  energies  were  calculated  from  the  temperature  dependence  of  the 
annealing  curves.  The  experimental  results  can  be  reproduced  by  two  processes, 
with  activation  energies  E1  =  0.3  ±0.1  eV  and  E2  =  1.3  ±  0.3  eV. 

Annealing  was  complete  in  less  than  3  hours  at  >  240°C. 


Transient  Af  After  a  Pulse  of  y  Radiation 
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Effects  of  Flash  X-rays  on  R 
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The  curves  show  the  series  resonance  resistance,  Rs,  vs.  time  following  a 
4  x  104  rad  pulse.  Resonators  made  of  swept  quartz  show  no  change  in  Rs  from 
the  earliest  measurement  time  (1  ms)  after  exposure,  at  room  temperature.  Large 
increase  in  Rs  (i.e.,  large  decrease  in  the  Q)  will  stop  the  oscillation. 


Frequency  Change  due  to  Neutrons 
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Curve  shows  the  nearly  linear  increase  in  resonant  frequency  of  a  crystal  unit  as 
a  function  of  reactor  irradiation.  At  other  fluences,  the  slopes  are,  for  example, 
8  x  10'21/n/cm2  at  1010  to  1012n/cm2,  and  5  x  1021/n/cm2  at  1012  to  1013n/cm2 


Neutron  Damage 
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A  fast  neutron  can  displace  about  50  to  100  atoms  before  it  comes 
to  rest.  Most  of  the  damage  is  done  by  the  recoiling  atoms.  Net  result 
is  that  each  neutron  can  cause  numerous  vacancies  and  interstitials. 


Summary  -  Steady-State  Radiation  Results 
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Summary  -  Pulse  Irradiation  Results 
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Gas  permeation  -  stability  can  be  affected  by  excessive  levels  of  atmospheric  hydrogen 
and  helium  diffusing  into  "hermetically  sealed”  metal  and  glass  enclosures  (e.g., 
hydrogen  diffusion  through  nickel  resonator  enclosures,  and  helium  diffusion  through 
glass  Rb  standard  bulbs). 


Interactions  Among  Influences 
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A.  Ballato,  "Piezoelectric  Resonators,"  in  B.  Parzen,  Design  of  Crystal  and  Other  Harmonic  Oscillators.  John  Wiley  &  Sons,  1983 


4-89 


4-90 


i  5 

a  *' 

O'  wi 

Z,  o 

C  "“1 
— *  eg 

55  U 

13  S 
c  o\ 


ft*  so 

s  g 

Ui  »> 

.  3 

<-  cr 

,8 
•—>  [i. 


1  © 

§  ft* 


^  : 
3  to 

cj  r"1 

c  H 
O  z 

</3  ^ 

« § 
C 

o 

.s  t> 
■~  2 
8  -2 
£  ■§ 
j=  & 

.SP  «« 
X  .a 

g  o 
o  o 

t/5 

a  8 

1* 

CO  . 


J  g 

£  § 

«  >> 
«■*!  o 

CO  I 

<  cr 
■  ,2 
cm  u- 


»o 

VO 

3  ri' 

t~  vo 
t>  <N 

.  d 

>»  £V 

a  . 


<U  S>i 

■s  g 


«*=<  o 

X)  o. 

§  I 

C  CO 

•B  73 

(4  S 

( J  c 

d  a 

u  < 

&V 

CO  CO 
-  rt 


S  *g  u 

2  a  ^ 
o  o  oo 


^  M  Z 
*>'  CJ  bfi 
^  4>  O 

Jg  SI 

33  g  rj 

uu  c  „ 

J  g  w 
r  5  tU 
03  {_  *— 1 


-  Q\ 
C  vo 

2  d 
H  * 


■2  S 

o  2 


i| 

a  JB 

<si 

.5  > 

O  t/3 
,4J  l> 
t*i  ex 

W  o 
►  o 


•S  £ 

c  -a1 

P  g 

►  c 

co  o 
«  U 

s*  >> 

O  O 


ui  S? 


•a 

=3  £ 

O 


g  <d 

s  - 

'P  *=— 4 

1 1 

*+-<  I 

°  Q 

8  < 

e 

<u  ^ 
3  Cr 
C  ^ 

&  { 
-  (N 

►  co 

•I  <* 
s.- 

c  S* 
60 

«  _r 
O  o 

t~»  c 
.  o 
■"*  U 
*o  ^ 

s  £ 

§  I 

5/5  A 

C/5 

.  £5 

•—»  o 

.22*  G 

o  .2 

•1  8 

>  E 

5  >* 

o5  CO 


4-91 


4-57  R.  L.  Filler,  "The  Acceleration  Sensitivity  of  Quartz  Crystal  Oscillators:  A  Review,"  IEEE  Transactions  on  Ultrasonics, 
Ferroelectrics,  and  Frequency  Control,  Vol.  35,  No.  3,  pp.  297-305,  May  1988. 
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4-87  F.  L.  Walls,  "Environmental  Sensitivities  of  Quartz  Ciystal  Oscillators,"  Proc.  22nd  Ann.  Precise  Time  &  Time  Interval  (PTTI) 

Applications  &  Planning  Meeting,  pp.  465-486,  1990,  AD- A239372. 
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High-temperature  processing  and  applica- 
Inclusions  tions,  optical  characteristics,  etchability 


Ions  in  Quartz  -  Simplified  Model 


A 


Models  show  the  positions  of  H+  and  alkali  ions  in  the  channels  of  the  quartz 
lattice  and  the  corresponding  trends  of  the  potential  energy  curves. 


Aluminum  Associated  Defects 
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removed  when  the  electrodes  are  removed  in  subsequent  processing.  In 
addition  to  improving  radiation  hardness,  sweeping  also  greatly  reduces  the 
number  of  etch  channels  that  are  produced  when  quartz  is  etched. 


Typical  Sweeping  Method 
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Time 


*  EIA  Standard  477-1  contains  standard  test  method  for  this  quantity 
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Quartz  Twinning 
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Etching  can  reveal  both  kinds  of  twinning. 


The  diagrams  illustrate  the  relationship  between  the  axial  system 
and  hand  of  twinned  crystals.  The  arrows  indicate  the  hand. 
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Inversion  temperature  decreases  with  increasing  A1  and  alkali 
content,  increases  with  Ge  content,  and  increases  1°C  for 
each  40  atm  increase  in  hydrostatic  pressure. 
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ilk,  Report  of  the  Committee  on  Cultured  Quartz  for  the  National  Defense  Stockpile, 
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5-7a  j.  J.  Martiri,  "Electrcdiffusion  (Sweeping)  of  tons  in  Quartz,"  IEEE  Transactions  on  Ultrasonics,  Ferroelectric s,  and  Frequency 
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Emerging/Improving  Technologies 
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•  Miniature  fast  warmup  OCXO  &  directly  heated  crystal  plate 

•  Rubidium-crystal  oscillator  (RbXO) 

•  Optically  pumped  atomic  frequency  standards 


Comparison  of  SC  and  AT-cuts 

•  Advantages  of  the  SC-cut 
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Lateral  Field  Resonator 
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#  Ability  to  eliminate  undesired  modes,  e.g.,  the  b-mode  in  SC-cuts 

#  Potentially  higher  Q  (less  damping  due  to  electrodes  and  mode  traps) 

#  Potentially  higher  stability  (less  electrode  and  mode  trap  effects,  smaller  Cj) 


Microcomputer  Compensated  Crystal  Oscillator 

(MCXO) 
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MCXO  -  Description  of  Operation,  Cont’d 
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thermometry-caused  errors  are  thus  eliminated,  3 .  the  trim  effect  is  eliminated,  4.  automatic 
recalibraticn  features  can  be  designed  into  the  MCXO  algorithm;  an  offset  can  be  stored  in  memory 
following  simple  injection  of  an  external,  higher-accuracy  reference  signal,  and  5.  an  accurate  but 
very  low-power  clock  is  possible  through  duty-cycling  the  MCXO  to  periodically  update  a 
low-power,  wristwatch-type  clock  (e.g.,  six  seconds  on,  one  minute  off). 


MCXO  -  Pulse  Deletion  Method 
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Microcomputer  compensated  crystal  oscillator  (MCXO)  block 
diagram  -  pulse  deletion  method. 


MCXO  -  PLL  Frequency  Summing  Method 
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Microcomputer  compensated  crystal  oscillator  (MCXO)  block 
diagram  -  phase-locked-loop  frequency  summing  method. 


Rubidium  -  Crystal  Oscillator  (RbXO) 
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standard,  the  RbXO  interface  syntonizes  the  crystal  oscillator  and  cuts  off  power  to 
the  Rb  standard*  When  the  crystal  oscillator  is  an  MCXO,  the  MCXO  digital 
circuit  can  include  the  RbXO  interface,  and  the  average  RbXO  power  consumption 
can  be  less  than  100  mW. 


RbXO  Principle  of  Operation 
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RFS  (a  few  minutes),  the  interface  circuits  adjust  the  frequency  of  the  OCXO  to  the  RFS 
reference,  then  shut  off  the  RFS.  For  manpack  applications,  the  OCXO  will  be  separable 
from  the  rest  of  the  RbXO  so  that  the  manpack  can  operate  with  minimum  size,  weight, 
and  power,  and  with  nearly  the  accuracy  of  the  RFS  for  the  duration  of  a  mission.  An 
MCXO  can  replace  the  OCXO  for  even  lower  power  consumption. 


Accuracy  vs.  Power-Requirement* 

(Goal  is  to  move  the  technologies  toward  the  upper  left) 
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0.001  0.01  0.1  1  10  100 

_ Power  (W) _ 

Accuracy  vs.  size,  and  accuracy  vs.  cost  have  similar  relationships. 


Summary  of  Crystal  Problems  &  Solutions 
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6-10  W.  J.  Riley,  Jr.  and  J.  R.  Vaccaro,  "A  Rubidium-Crystal  Oscillator  (RbXO),"  IEEE  Transactions  on  Ultrasonics 
Ferroelectncs,  and  Frequency  Control,  Vol.  UFFC-34,  No.  6,  pp.  612-618,  November  1987. 
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Precision  Frequency  Standards 
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Trapped  ions  (f0  >  10  GHz,  Q  >  1011) 


Atomic  Frequency  Standard  Basic  Concepts 

When  an  atomic  system  changes  energy  from  an  excited  state  to  a  lower  energy  I 
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thermal  velocities,  2)  the  atoms  are  not  isolated  but  experience  collisions  and 
electric  and  magnetic  fields,  and  3)  some  of  the  components  needed  for 
producing  and  observing  the  atomic  transitions  contribute  to  instabilities. 


Hydrogen-Like  Atoms 


X 
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Atoms  spin  I  =  3/2,  v0  =  AW/h  =  6,834,682,605  Hz 

and  X  =  [(-|iJ/J)  +  (jiI/I)]H0/AW  calibrated 
in  units  of  2.44  x  103  Oe. 


Atomic  Frequency  Standard 
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transition.  Of  the  many  atomic  transitions  available,  the  ones  selected  are  from 
those  which  are  least  sensitive  to  environmental  effects  and  which  can  be 
conveniently  locked  to  the  VCXO.  The  long  term  stability  is  determined  by  the 
atomic  resonator,  the  short  term  stability,  by  the  crystal  oscillator. 


Generalized  Atomic  Resonator 
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•  Microwave  energy  is  absorbed  in  the  process  of  converting  the  selected  atoms  to  the  other 
energy  state,  e.g.,  from  A  to  B.  Thus,  the  applied  microwave  frequency  can  be  "locked"  to 
the  frequency  corresponding  to  the  atomic  transition. 


Atomic  Resonator  Concepts 
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Cesium-Beam  Frequency  Standard 

•  The  atomic  resonance  used  is  at  9,192,631,770  Hz  -  by  definition  (of  the  second). 
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collected,  current  is  amplified  and  fed  back  into  feedback  network;  microwave  frequency  is 
locked  to  the  frequency  of  maximum  ion  current,  thus  the  atomic  transition  frequency  controls 
the  microwave  frequency,  i.e.,  the  frequency  of  the  crystal  oscillator.  Much  less  than  \%  of  the 
Cs  atoms  reach  the  detector  in  conventional  Cs  standards  (hence  optical  pumping’s  advantage.) 


Cs  Hyperfine  Energy  Levels 

(F,  mF) 
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Magnetic  field  dependence  of  the  hyperfine  energy  levels  in  the  ground  state  of  the  cesium  atom 
(nine  in  the  upper  state,  seven  in  the  lower).  The  magnetic  field  is  plotted  up  the  value  H0.  The  solid 
arrow  represents  the  "clock"  transition;  the  dashed  arrows  depict  die  magnetic-field-sensitive  (Zeeman) 
transitions.  F  is  the  hyperfine  quantum  number,  and  mp  is  the  magnetic  quantum  number  of  the  atom. 
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Rubidium  Gas  Cell  Resonator 
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au^uiu  ngiiu  microwave  resonance  causes  increased  light  absorption,  i.e.,  a  (<  1%) 
dip  in  the  light  detected  by  the  photocell;  microwave  frequency  is  locked  to  photocell 
detection  dip,  thus  the  atomic  transition  frequency  controls  the  microwave  frequency, 
i.e.,  the  frequency  of  the  crystal  oscillator. 


Atomic  Resonator  Instabilities 
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Environmental  effects  -  magnetic  field  changes,  temperature  changes,  vibration, 
shock,  radiation,  atmospheric  pressure  changes,  and  He  permeation  into  Rb  bulbs. 


Noise  in  Atomic  Frequency  Standards 

If  the  time  constant  for  the  atomic-to-crystal  servo-loop  is  to,  then  at 
x  <  to,  the  crystal  oscillator  determines  gv(x),  i.e.,  ov(x)  ~  x*1.  From 
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Short-Term  Stability  of  a  Cs  Standard 
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Short-Term  Stability  of  a  Rb  Standard 
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T(seconds) 


Acceleration  Sensitivity  of  Atomic  Standards 


7-16 


•  For  fvib  =  fmod,  2fmod,  servo  confused,  TA  =  T0)  plus  f  offset 

•  For  small  fv;b,  (at  Bessel  function  null),  loss  of  lock,  TA  «  T( 


4h 

•  rH 

45 

C/3 

4— > 

45 

W) 


"3! 

sj 

42 

CCS 

c 


45  45 
o  o 


45 

•  i-H 

45 

C/3 

Vh 

<D 

£ 

O 

Oh 


"cd 

"cd 

o 

CJ 

•  44 

45 

45 

CJ 

u 

<D 

<u 

S 

s 

• 

• 

.S 

C/3 

CD 

bJD 


5  >» 

*G  4-» 

CJ  *5 

o  <S 

+■»  cj 

g  <L) 
J2  > 

X3  cd 

£ 
O 


(D 

C/3 


o 


§  £ 
O 


<*S 


cd  <d 
o  45 

g  3 

O  -V 

•  *-4  (D 

4—*  r— < 

2  - 
O 

pnaMri 

«>  t; 

o  o 

y  3 

cd  rv 
45  1/2 


W)  ^ 
45  45 


<L> 


C/3 

T3 

u 

Cd 

"C 

C 

cs 

4-/ 

C/3 

£ 

cd 

a> 

X 

C/3 

u 


<D 

45 


2 

-t~ < 

C/3 


C/3 

o 

£ 


cd 

{5 

W) 

•  f— 1 

C/3 

T3 

<D 

4-> 

o 

<t> 

4—1 

<D 

T5 

<D 

45 


£ 

& 

o 

-J 

o 

(L> 

*e? 

4— > 

.a  so 
E  2 

o  3 

4— >  4-> 

cd  o 


<D 

T3 

G 

*45 

3L 

I 

<D 

45 

4-> 

C/3 

<D 

4-» 

J3  ^ 

53  O 
T3  £ 

O  C^h 


G  ■£ 
o  > 

\EJ  44 
2  2 
■£  Js 
>  £ 


C/3 

4-* 

CJ 

,<D 

J+H 


<D 


45 

C/3 

<D 

C/3 

cd 

45 

C4 

.tS  bJQ 
>  G 
cd  cd 
O  45 

C/3  O 


C 

cd 

o 


<D 

C/3 

G 
cd 

o  c/3 

o)  2 

w>  o 

<— I  4— 1 

§  <G 
45  c« 

CJ  o 
G  4h 

o  o 

•  pH 

•-  £ 
c/3  O 

O  \£3 

C4  G 

>v  :2 

.ts  C 

G  4—* 
>  C/3 

cd  irj 
o  XJ 

o 

4_i  4— > 

•  T— t 

C  CJ 

I  a 

m  m 

m  > 


7-17 


•  Rocking  effect  can  cause  Af  even  when  fvib  <  f  mod 
In  H-masers.  cavity  deformation  causes  Af  due  to  cavity  pulling  effect 


Magnetic  Field  Sensitivities  of  Atomic  Clocks 
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Typical  values. 

1  gauss  =  lO"4  Tesla;  Tesla  is  the  SI  unit  of  magnetic  flux  density. 


Crystal’s  Influences  on  Atomic  Standard 
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•  Long  term  stability  -  noise  at  second  harmonic  of  modulation  f 
causes  time  varying  Af’s;  this  effect  is  significant  only  in  the 
highest  stability  (e.g.,  H  and  Hg)  standards. 


Miniature  Optically  Pumped  Cs  Standard 
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the  possibility  of  trading  off  size  for  accuracy.  The  main  goals  of  the 
miniature  Cs  standard  development  program  are  1  x  1(H  *  accuracy,  and  a 
1  liter  volume,  i.e.,  about  lOOx  higher  accuracy  than  a  Rb  standard,  in 
about  the  same  volume  (but  not  necessarily  the  same  shape  factor). 
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8-1 


Including  environmental  effects  (note  that  the  temperature  ranges  for  Rb  and  Cs  are  narrower  than  for  quartz). 
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Stability  Ranges  of  Various  Frequency  Standards 
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Log  (r),  seconds 


Phase  Instabilities  of  Various  Frequency  Standards 
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Weaknesses  and  Wearout  Mechanisms 


8-5 


8-6 


Cost  to  be  minimized  -  acquisition  or  life  cycle  cost 


Crystal  Oscillator  Specification  MIL-O-55310 
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What  Is  Time? 
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Dictionary  Definition  of  "Time" 

(From  The  Random  House  Dictionary  of  the  English  Language,  ©  1987) 
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The  Second 
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Frequency  and  Time 


9- 


Examples  of  frequency  sources:  the  rotating  earth,  pendulum, 
quartz  crystal  oscillator,  and  atomic  frequency  standard. 


Typical  Clock  System 


where  t  is  the  time  output,  t0  is  the  initial  setting,  and 
Ax  is  the  time  interval  being  counted. 


Evolution  of  Clock  Technologies 
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Progress  in  Timekeeping 
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Clock  Errors 
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Example:  If  a  watch  is  set  to  within  0.5  seconds  of  a  time  tone  (T0  =  0.5  s),  and  the 
watch  initially  gains  2  s/week  (Ro  =  2  s/week),  and  the  watch  rate  ages  -0.1  s  per  week2, 
(A  =  -0.1  s/week2),  then  after  10  weeks  (and  assuming  E;(t)  =  0): 

T  (10  weeks)  =  0.5  +  (2  x  10)  +  1/2  (-0.1  x  (10)2)  =  15.5  seconds. 


=  reference  (i.e.,  the  ’'correct”)  frequency 


Accumulated  Time  Error 


Time  Error  vs.  Elapsed  Time 


To  Estimate  the  Accumulated  Time  Error 

©  Estimate  the  initial  frequency  offset  plus  the  average  expected 
offsets  due  to  temperature  and  other  environmental  effects. 

(D  Find  the  time  error  caused  by  the  sum  of  the  offsets. 

<D  Find  the  time  error  caused  by  the  oscillator’s  specified  aging  rate. 
©  Add  the  results  of  <D  and  CD  to  estimate  the  total  time  error. 
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On  Using  Time  for  Clock  Rate  Calibration 
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Of  course,  if  one  has  a  cesium  standard  for  frequency  reference,  then,  for 
example, with  a  high  resolution  frequency  counter,  one  can  make  frequency 
comparisons  of  the  same  precision  much  faster. 
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Time  Transfer  Methods 
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receiver  clock’s  inaccuracy,  i.e.,  the  receivers  calculate  their  x,  y,  z,  and  t  from 
receiving  each  of  four  satellite’s  x,  y,  z,  and  t.  Velocity  is  determined  from  the 
doppler  shifts  of  the  the  transmitted  carrier  frequencies. 


Global  Positioning  System 


PRN  navigation  signals  broadcast  at  Lj  =  1.575  GHz  (19  cm)  and  L2  =  1.228 
GHz  (24  cm);  two  codes,  C/A  and  P  are  sent;  messages  provide  satellite 
position,  time,  and  atmospheric  propagation  data;  users  select  the  optimum  4 
satellites  to  track.  PPS  (for  DOD  users)  uses  LI  and  L2,  SPS  uses  LI  only. 


Oscillators’  Impact  on  GPS 


<D 


>•> 

3 

Vh 

3 


3 

i 

C 


<D 

cd  3  o 
g  w>  « 
•2  S 
3  '§ 
.SP-o 

§  *2 
c  a  o 

<4H  *2? 

O  -g  tw 

<u  -S 

o  w  ^ 

fa  «3 

O  fa 

c/3  O 


C/3 

O 

4-> 

3 

3 


3  ^ 

o  a  c 

•rp  33 

s  s  £ 

^  a)  13 
.$2  -5  fa 

>>  § 
0^3 

2  (D  3 
fa  >  d> 

3  .^H  U3 
O  <D  r. 
O  O  Sf? 

53  p  £ 

C  Vh 
*3  wr,  rr2 


o 

o 


Vh 

o 

3 


C*  jg 

O  S 

s  5a 

§-■5 

O  P 


C/5 


o 

SS  >> 

§ 
3 
O 
<D  O 


<D 


3 

00 


3 

3 


3 

cr 

o 

3 


C/3 

<D 


03 


9-17 


03 

v 

</5 


CU  .s 

r  U 

D  H 

-IP 

co  *> 
<D  oo 

cd  CN 
T3  'r>H 

o> 
£P  <N 
•  £  °° 
c  rn 

bX)  vo 
•  »~<  _X 
oo  XT 


O  r4 

s  ^ 

£  X 
^  CO 
w  ^ 
03  oC 

oo  OO 


£  E? 

S  2 

CO  3 

a>  3 

E  ^ 

•a 


E  43 

m  nrj 
*43  G 
s  O 
.  o 
<  <d 

^  rr\ 


^  C/D 
CO  S 
-2  -2 

M  ° 

©  <u 

g  £ 

E  © 

~  S 

cd  > 
co  ^ 

Su4  ^ 

3  CO 
Jr  **h 

1  S 

£>  *2 


X 

E 

.-«  <D 
cd  co 
G  G 
o  <d 

•  **H  — ^ 

2  § 

E  c 

<D  S 
+->  O 

G  tfe  52 


►— i  t+H  G 
<D  "G  O 
x:  w  r 

>>•£  c 

x  ^  m 

^  <n 
8  -S3  g 
•a  "G  S 
£  G  ’S 
G  <d 

•  »H  rs 

2  Q  o 

E  S  E 

.22  n  p 

cB  2 

CO  t*H 

H  s  c/f 

w  p  X 

O  oo  O 

fi  cd  O 
G  <D  7-* 
2  ^)  ° 

r  o 

y  t)  ‘g 
•see 
E  «  2 

©  00  03 

'•*«*  -fa  __ 

^  X  O 
~  bX)  X 

ed  4>  — 

§£  _g 
*13  *£?  rS 
>3  © 

G  G  E 
£  03  O 

fa  G 
G  ^  <+H 

w  ffl  O 


g  o 

e  t: 

S  S3 
.S  ■E 

>>  ° 

X  G 
•1-* 

>,  +-T 

cd  g 
T3  X) 
O  * 

«-*  MH 

<D  <J 

Id  H 
o  ^ 

co 

CD 

§  *G 
.3  S 

a>[  *S 

X  G 

^  g 

co 

***H  (U 

^  73 

U  co 

H 

5  <-> 

?s 

E  *+-< 

.G  o 

H  » 

73  2 

CO  *"H 
I-  CD 

.is 

p  s 

-I  4> 

^  6 
42  cd 
cd  £> 

GVh 

bO 

-O  cd 

rG 

S  c 

©  5 

U  *2 


CO  M 

•i-<  pc_ 

u  rr 

lL  ^ 

n  o 


ON 

13  o 

*1  .3 

I  £ 

i  * 

,FH  rj 

bo  H 


X  Ph 
CD  CD 
G  <D 
O  X 

t3  © 
co 

o  55 
a.  ^ 

co  O 

*  CO 
’S  CO 

a  T3 

®  § 

«  o 

-s  ^ 

CO 

CO  CL 
>  Cd 

<D  4h 
6  CM 

*G  O 
<D  co 

5  s 


O  >-> 
C  X 


9-18 


Relativistic  Time 
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clock  runs  faster  than  a  low  clock. 


Relativistic  Time  Effects 
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In  precise  time  and  frequency  comparisons,  relativistic  effects  must  be 
included  in  the  comparison  procedures. 


Relativistic  Time  Corrections 


the  sin2vF  term  accounts  for  the  centrifugal  potential  due  to  the  earth’s  rotation. 
The  "Sagnac  effect,"  (2ca/c2)AE  =  (1.6227  x  10"21s/m2)AE,  accounts  for  the 
earth-fixed  coordinate  system  being  a  rotating,  noninertial  reference  frame. 


Some  Useful  Relationships 


9-22 


Doppler  shift  example:  if  v  =  4  km/h  and  f  =  10  GHz  (e.g.,  a  slow-moving 
vehicle  approaching  an  X-band  radar),  then  Af  =  74  Hz,  i.e.,  low  phase  noise 
74  Hz  from  the  carrier  is  necessary  in  order  to  "see"  the  vehicle. 


One  Pulse-Per-Second  Timing  Signal 

(MIL-STD- 188-115) 
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after  extended  high  level)  shall  coincide  with  the  on-time  (positive 
going  transition)  edge  of  the  one  pulse-per-second  signal  to  within 
±1  millisecond."  See  next  page  for  the  MIL-STD  BCD  code. 


BCD  Time  Code 

(MIL-STD- 188-115) 
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*  May  be  followed  by  12  bits  for  day-of-year  and/or  4  bits  for 
figure-of-merit  (FOM).  The  FOM  ranges  from  better  than  1  ns  (BCD 
character  1)  to  greater  than  10  ms  (BCD  character  9). 


The  MIFTTI  Subsystem 

MIFTTI  =  Modular  Intelligent  Frequency,  Time  and  Time  Interval 
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_ h  h  f3  TQP  *PPS _ Vin 

*  The  microcomputer  compensates  for  systematic  effects  (after  filtering  random 
effects),  and  performs:  automatic  synchronization  and  calibration  when  an  external 
reference  is  available,  and  built-in-testing. 
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9- 16a  A.  J.  Van  Dierendonck  and  M.  Bimbaum,  "Time  Requirements  in  the  NAVSTAR  Global  Positioning  System  (GPS),' 
30th  Annual  Symposium  on  Frequency  Control,  pp.  375-383, 1976,  AD046089.  Proc.  available  from  NTIS. 
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9-26b  S.  R.  Stein,  "Modular  Intelligent  Frequency,  Time  and  Time  Interval  Subsystem  Study  Program,"  U.  S.  Army  LABCOM 
R  &  D  Tech.  Rep’t  SLCET-TR-87-0717-F,  January  1989,  AD  B131 151. 
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Discrete-Resonator  Crystal  Filter 

A  Typical  Six-pole  Narrow-band  Filter 
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Monolithic  Crystal  Filter 


10-2 


Frequency 


Surface  Acoustic  Wave  (SAW)  Devices 
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SAW  Devices 
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In  one-port  SAWRs  and  B AWRs,  the  static  capacitance,  C0,  provides  a 
low-impedance  path  that  can  mask  out  the  desired  resonance  at  high  fs.  An 
external  inductor  is  usually  placed  in  parallel  with  C0  to  ’’resonate  out"  C0.  In 
two-port  SAWRs  C0  does  not  shunt  the  motional  arm  of  the  equivalent  circuit, 
therefore,  two-port  SAWRs  are  preferred  in  many  applications. 


Quartz  Bulk- Wave  Resonator  Sensors 
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Frequency  counting  is  inherently  digital. 


Tuning  Fork  Resonator  Sensors 
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Photolithographically  produced  tuning  forks,  single-  and  double-ended  (flexural-mode  or 
torsional-mode),  can  provide  low-cost,  high-resolution  sensors  for  measuring  temperature, 
pressure,  force,  and  acceleration.  Shown  are  flexural-mode  tuning  forks. 
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